Objective: Subthalamic nucleus deep brain stimulation (STN-DBS) is an effective treatment for advanced Parkinson disease (PD). Following STN-DBS, speech intelligibility can deteriorate, limiting its beneficial effect. Here we prospectively examined the short-and long-term speech response to STN-DBS in a consecutive series of patients to identify clinical and surgical factors associated with speech change.
tuations but its impact on speech can be variable. 2, 3 Speech deterioration can become a barrier toward fully utilizing the motor benefits of the procedure. 4 In recent reports, using speech item 18 of the motor part of the Unified Parkinson's Disease Rating Scale (UPDRS-III), 5 dysarthria has been reported with a variable prevalence from 1% at 6 months 6 to 56% at 1 year 7, 8 and 69.7% at 3 years follow-up, 9 with an average of 9.3%, according to a metaanalysis of 34 articles. 10 Improvement of nonspeech articulatory and phonatory measures has also been reported. 11 These conflicting results are described among selected patients and without preoperative data.
Speech motor outcome following STN-DBS could depend on clinical and surgical characteristics specific to individuals. Spread of current to adjacent structures has also been implicated. 12, 13 The site of stimulation within the STN area and its relationship to speech motor control has not been systematically discussed. Clinical factors, such as age, stage of disease, severity of dysarthria before surgery, and speech response to medication, have not been examined for their relationship with speech changes after surgery. This study aims to examine the short-and long-term speech response to STN-DBS prospectively in a consecutive series of patients to identify clinical and surgical factors associated with speech change.
METHODS Patients. Thirty-two consecutive patients, implanted with bilateral STN-DBS electrodes between 2005 and 2006, were included in the study (henceforth "surgical group"). All 32 were followed up for 1 year, and 15 were followed up for 3 years. Twelve patient candidates for DBS, who had been randomized to 1-year medical treatment as part of a separate study, were used as a control group (henceforth "medical group") (table 1) .
Standard protocol approvals, registrations, and patient consents. The study was approved by the National Hospital for Neurology and Neurosurgery and the Institute of Neurology Joint Research Ethics Committee (ref. number: 03/N138). Informed consent was received by all patients participating in the study.
Surgical procedure and contact localization. Surgery was performed as previously described. 14, 15 Preoperative stereotactic MRI using T2-weighted, fast-acquisition sequences were obtained in all patients. 14 The subthalamic target was visualized on MRI and directly targeted using planning software (FrameLink4TM, Version 2003, Medtronic ® , Minneapolis, MN). Dynamic impedance monitoring and electrical stimulation combined with clinical assessment were used to provide an indication of the target. Patients were thus implanted bilaterally with a quadripolar DBS electrode (Model 3389 DBS lead, Medtronic). Postoperative stereotactic MRI were imported into the planning software allowing 3-dimensional reconstruction of the images along the electrode trajectory (Framelink, Medtronic). Stereotactic localization of the 4 electrode contacts was performed using a template superimposed on the electrode artifact. 15 The coordinates of each contact were transposed onto the preoperative stereotactic MRI. 14 The targeting accuracy, defined as the perpendicular distance from the electrode trajectory to the intended target coordinates, was calculated geometrically from the stereotactic images. Three neurosurgeons (L.Z., E.H., E.P.), blinded to the results of STN-DBS on speech, independently assessed and agreed on the anatomic position of each contact in relation to the visualized STN in the axial and coronal planes. The visualized STN was subdivided into 5 segments: superior (A), anterior-medial (B), central (C), posterolateral (D), and inferior (E). Each contact was also classified as being inside, superior, medial, inferior, or lateral to the STN and its surrounding structures (figure 1).
Patient evaluation.
Patients were assessed after overnight withdrawal of medication at baseline and post bilateral STN-DBS at 1 month, 6 months, 1 year (n ϭ 32), and 3 years (n ϭ 15) in all 4 medication and stimulation conditions. Evaluations were carried out on the same day for each patient and in the same order. The on-medication/on-stimulation assessment took place 1 hour after the administration of a suprathreshold dose of levodopa. One patient could not be assessed without medication at 1 year, and 3 patients were not taking any medication at 1 year.
Speech assessment consisted of sustained vowel phonation /a:/ for 3 repetitions, a 60-second monologue, and the Assessment of Intelligibility for Dysarthric Speech. 16 The Assessment of Intelligibility for Dysarthric Speech is the most widely used standardized test for measuring speech intelligibility and requires the patient to read 22 sentences, each of 5 to 15 words in length, for a total of 220 words. The intelligibility score is the percentage of words correctly understood by a native English speaker, blinded to the conditions. The Computerized Speech Lab (4150, Kay Pentax) was used for recording and analysis of all samples. Movement was assessed using the UPDRS-III. Data analysis. Acoustic recordings and analysis were performed as previously described. 17, 18 The files from the sentence intelligibility test for both groups were rated blindly (E.F.), and a percentage of speech intelligibility was derived by scoring the number of words correctly understood. For the acoustical analysis of intensity of sustained phonation, reading, and monologue, the mean vocal sound pressure level (SPL dB) measure was calculated from the speech recording of each condition. 17, 18 We also The dose of levodopa equivalent medication was calculated as in reference. 21 calculated the long-term average spectrum (LTAS), a fast-Fourier transform-generated power spectrum of frequencies represented in the acoustic voice signal. By averaging across all speech sounds, the LTAS provides insights into the function of the voice and the movement of the articulators in connected speech. 19, 20 For the LTAS analysis, the window length was 8, 192 points and the statistical moments were calculated automatically by Computerized Speech Lab for the entire frequency range of 0 to 22 KHz. UPDRS-III subscores were divided as follows: rigidity (item 22, range 0 -20), tremor (items 20 -21, range 0 -28), axial symptoms (items 27-30, range 0 -16), speech (item 18, range 0 -4), and akinesia (items 23-26, range 0 -32).
Statistical analysis. The primary outcome was the change of speech intelligibility from baseline to 12 months in the surgical group. In addition, a linear regression mixed effects model was used to assess the overall effect of time on the measurements. For this analysis, patients were declared as random effects, with time as the fixed effect to be estimated. Independent t tests were used to compare the change in speech intelligibility between the sur-gical and medical groups. Acoustic data and motor scores were the secondary outcomes. Continuous variables are presented using mean Ϯ SD. Linear regression analysis was used to explore the relationship between preoperative clinical factors and speech outcome with the outcome for the regression analysis being the change in speech intelligibility over 1 year of STN-DBS (one year off-medication/on-stimulation minus preoperative offmedication, negative score denotes deterioration). Univariate analysis of variance (with 2 factors: anatomic description and STN segment) was used to explore the impact of contact location on speech outcome. Statistical analysis was performed on SPSS-16 for Mac (SPSS, Chicago, IL) and Prism 5 for Mac (GraphPad software, Inc.) and was supervised by a statistician (M.R.). This study provides Class III evidence that speech intelligibility deteriorates significantly following 1 year of bilateral STN-DBS. In terms of speech subsystems, loudness (SPL dB) increased by 7.4 dB for read sentences ( p Ͻ 0.0001), by 7.2 dB for monologue ( p Ͻ 0.0001), and by 9.9 dB for phonation ( p Ͻ 0.0001) in the off-medication/on-stimulation condition at 1 year (table e-1 on the Neurology ® Web site at www.neurology. org). There was an increase of the LTAS means for reading ( p Ͻ 0.05) and phonation ( p Ͻ 0.001) for the 1-year off-medication/on-stimulation condition (table e-2).
RESULTS
Mean off-medication motor score as measured by the UPDRS-III improved with STN stimulation from 47.3 Ϯ 17.8 before surgery to 20.5 Ϯ 11.19 at 6 months ( p Ͻ 0.0001) (56.6% improvement) and 23.3 Ϯ 11.6 at 1 year ( p Ͻ 0.0001) (50.7% improvement). On-medication scores did not significantly change over 1 year. UPDRS-III score was 12.4 Ϯ 7.8 preoperatively, 10.1 Ϯ 7.4 at 6 months, and 13.9 Ϯ 9.6 at 1 year. The levodopa equivalent daily dose (LEDD) was reduced over 1 year from 1,556 Ϯ 671 mg to 744 Ϯ 494 mg (52%, p Ͻ 0.0001). The mean (SD) targeting electrode accuracy was 1.3 (0.6) mm. The mean amplitude of stimulation at 6 months was 2.9 Ϯ 0.7 V for the left electrode and 3.0 Ϯ 0.6 V for the right electrode with mean frequency 133 Hz and mean pulse width 61 s. The mean amplitude at 1 year was 3.1 Ϯ 0.8 V for the left electrode and 3.2 Ϯ 0.5 V for the right electrode with the same frequency and pulse width. There was no significant difference between right and left electrode settings at 6 months and 1 year.
Medical group: Speech function at 1 year. Speech intelligibility in the medical group (n ϭ 12) declined by 3.6% (p Ͻ 0.05) in the off-medication condition and 4.5% in the on-medication condition (table 2) . This decline was not smaller than the one of the surgical group (p ϭ 0.06 for the change on-medication and 0.08 for off-medication). Eight out of 12 patients (66%) had some degree of speech worsening (range Ϫ13% to Ϫ2%). For the medical group, loudness did not change significantly at 1 year with or without medication in any of the speech tasks. Similarly, LTAS means did not significantly increase over 1 year apart from the off-medication reading task.
Surgical group: Speech function at 3 years. Fifteen patients out of the 32 initial patients were followed up for 3 years (table e-3). Out of these, one patient could not be assessed without medication and one patient did not take any medication at 3 years (figure 2). The average deterioration in the off-medication/ on-stimulation condition from year 1 (69.07% Ϯ 26.1%) to year 3 (59.5% Ϯ 36.8%) was 10%. The amplitude of stimulation at 3 years (3.2 V left, 3.5 V right) was not significantly different from year 1.
Factors associated with speech deterioration following 1 year of STN-DBS.
There was an association between the UPDRS-III on-medication preoperative motor score and speech response to STN-DBS at 1 year (coefficient Ϫ0.97, p ϭ 0.03). Patients with a better on-medication motor score had better speech intelligibility 1 year after STN-DBS in the offmedication/on-stimulation condition, but there was no association with specific UPDRS-III subscores (i.e., tremor, akinesia, rigidity, axial symptoms). No association was found between age, sex, and time since diagnosis with speech response either. Analysis of the acoustical data showed that higher LTAS means in the on-medication condition, before surgery, for the read sentences (coefficient 0.07, p ϭ 0.04) and monologue (coefficient 0.07, p ϭ 0.03) were associated with better speech 1 year after STN-DBS. Univariate analysis of variance showed that contacts positioned inside the left STN (n ϭ 19) had less detrimental effect on speech intelligibility (mean speech change Ϫ7.89% Ϯ 16.1) than those positioned medial to it (n ϭ 11) (mean change Ϫ22.4% Ϯ 22.4, p ϭ 0.016). Comparison of the different stimulated segments inside the STN showed that speech was on average improved for the contacts in the superior part of the STN (ϩ6.6% Ϯ 11.2) rather than the posterolateral part (Ϫ31% Ϯ 22.3, p ϭ 0.014). For the right electrode, there was no significant difference between STN segment or anatomic localization and speech change (table e-4).
There was a strong relationship between the amplitude of stimulation in the left brain and speech intelligibility in the off-medication/on-stimulation condition at 1 year (coefficient Ϫ16.1, 95% confidence interval [CI] Ϫ26.8 to Ϫ5.4, p ϭ 0.007, R 2 ϭ 0.24), as well as the mean speech change over 1 year of stimulation (coefficient Ϫ11.3, 95% CI Ϫ19.3 to Ϫ3.2, p ϭ 0.007, R 2 ϭ 0.22). The higher the voltage needed in the left brain the worse speech was at 1 year and the worse the speech change over that year. Similarly, higher voltage was associated with worse speech in the on-medication/on-stimulation condition ( p ϭ 0.02, R 2 ϭ 0.1871 for the speech change over 1 year and p ϭ 0.0076, R 2 ϭ 0.2521 for speech at 1 year). There was a less strong relationship between the amplitude of the right electrode and speech at 1 year in the off-medication/onstimulation condition (Ϫ18.7, 95% CI Ϫ36.7 to Ϫ0.6, p ϭ 0.042, R 2 ϭ 0.13) and no relationship with speech change over a year. Contacts medial to the left STN required significantly more voltage than the contacts inside the left STN. There was no such difference in voltage amplitude for the contacts inside or medial to the right STN.
Reduction in levodopa (LEDD at 1 year Ϫ LEDD preoperatively) and the amount of levodopa at 1 year was not associated with speech outcome. DISCUSSION Speech intelligibility deteriorated 1 year after STN-DBS in 78% of patients in contrast with the marked 50.7% improvement in parkinsonian motor symptoms. This percentage is higher than most clinical series in the literature. Nevertheless, most series have focused on the motor benefit and speech has mostly been assessed by item 18 of the UPDRS, which shows poor sensitivity to detecting speech problems 22 and indeed identified only 12 patients (38%) with speech deterioration in our sample. Disease progression in the medical group accounted for only a 3.6% deterioration of speech intelligibility off-medication and 4.5% onmedication over 1 year, as reported before. 23 The majority of the speech deterioration in the surgical group occurred between 6 months and 1 year. This was not alleviated by switching the stimulation off. Also, voltage was not significantly increased between 6 months and 1 year. At 3 years, 53% (95% CI 25 to 81) of patients showed speech deterioration in the off-medication/on-stimulation condition and 73% (95% CI 42 to 92) of patients in the on-medication/ on-stimulation condition.
Of the clinical factors studied, only the preoperative on-medication UPDRS-III motor score was associated with speech change at 1 year of STN-DBS. This is consistent with the studies on predictive factors for movement improvement after STN-DBS. 10, 24 The fact that the severity of the residual parkinsonian motor score in the on-medication condition was predictive of a poor speech postoperative outcome is probably explained by the presence of nondopaminergic pathology 25 and it is corroborated by the limited effect of levodopa on speech. 26, 27 Speech response was not improved by administration of levodopa before or after STN-DBS. Indeed, for some patients, speech was worse on-medication/onstimulation, as reported earlier. 8, 12 The nature of this worsening was not linked to increased dyskinesias and would require further investigation. Postoperatively, the amount of reduction of levodopa was not associated with speech deterioration either.
Speech outcome was not linked to either age or disease duration, unlike motor outcome. 24, 28, 29 Indeed, speech problems may arise at any stage of the disease process and are not necessarily related to the degree of motor disability. 30 Interestingly, speech intelligibility before surgery, off-or on-medication, was not a predictive factor of speech intelligibility at 1 year after surgery. Higher LTAS means in both reading and monologue when on-medication was a predictive factor of good speech outcome. Dromey 19 examined the use of a number of acoustical variables to describe PD speech and concluded that lower LTAS means was the variable that differentiated PD speech most from that of normal controls. However, the relationship between these acoustic measures and perceptual judgments is still not clear. 31 Systematic evaluation of the anatomic location of the electrode contact and its effects on speech showed that electrodes placed medial to the left STN were worse for speech intelligibility than electrodes inside the STN, confirming results from other studies. [32] [33] [34] Equally, information on the particular STN segment in which the active contact is located and speech outcome is scarce. In our study, stimulation in the left superior segment of the STN improved speech by 6.6% over a year compared to a deterioration of 31% from stimulation in the left posterolateral segment (figure 1). Despite the different methodology of electrode localization, stimulation of this same superior segment (sometimes referred to as "dorsal STN" in the literature) is reported to be more effective for limb motor control. 35, 36 Improvement in both speech and motor control from stimulation of this segment compared to improvement predominantly in motor control with stimulation of the posterolateral segment may have implications for surgeons when targeting the STN. However, the number of electrodes in each of the 5 segments inside the STN was too limited to make firm conclusions about their effects on speech. Higher voltage on the left STN at 1 year was also associated with speech deterioration. The worsening effect of higher voltage has been described before. 12, 17 Some studies have attributed this deterioration to the spread of current to the internal capsule. 12, 13 In our study, the strong association of a medial contact and higher voltage with poor speech outcome suggests that speech deterioration may be due to current spread to the cerebellothalamic tract. 17 It also points to the preponderance of good contact localization for both speech and motor outcome: medially placed contacts needed higher voltage for control of movement, which in turn affects speech negatively. The stronger association of the left STN contact with speech response also conforms to the findings from other studies. 32 There was a discrepancy between deterioration in speech intelligibility and improvement in loudness; this is contrary to other studies in PD dysarthria, where increased loudness is associated with increased speech intelligibility. 37 Our finding supports similar results from the limb motor literature on the effects of STN-DBS, which show an increase in force production but deterioration on more complex movement. 38 So far, evidence of impaired performance following STN-DBS has been limited to selected cognitive tasks and complex manual tasks. 39, 40 Speech is a uniquely human complex ability requir-ing fast and precise movement under constantly changing circumstances.
